required for the proper regulation of a wide variety of B
BOSC 23 cells were transfected at high density, to ensure that 2 days posttransfection, most of the cells are Additionally, E47 has been shown to be capable of inducing cross-lineage rearrangements, IgH DJ joints, in G1, the stage in which V(D)J recombination normally is initiated and completed. Genomic DNA was harvested when ectopically expressed in a pre-T cell line (Schlissel et al., 1991) . A role of E2A proteins in site-specific recom-3 days posttransfection and analyzed for the presence of signal ends from J segments at the Ig locus using bination was further demonstrated in E2A-deficient mice in which TCR␥ and ␦ rearrangements are perturbed (Bain ligation-mediated PCR (LMPCR) ( Figure 1A ) (StanhopeBaker et al., 1996). Briefly, a double-stranded asymmetet al. , 1999) .
In addition to E2A, another gene product, EBF, has ric, oligonucleotide linker was ligated to genomic DNA isolated from transfected BOSC 23 cells. Genomic DNA been identified to be essential during the earliest stages of B cell development (Lin and Grosschedl, 1995) . EBF was amplified by PCR using a linker-and a locus-specific primer as indicated. The amplified products were is a transcriptional regulator that is expressed in various tissues, including olfactory neurons, adipocytes, and B analyzed by Southern blotting using a 32 P end-labeled oligonucleotide probe ( Figure 1A . A separate PCR reaction, performed to amplify the CD14 locus, showed that the DNA content was simiactivation domains, we suggest that E2A proteins promote rearrangement through activation of germline tranlar in each of the samples (data not shown). These data indicate that the E2A proteins have the ability to promote scription and/or modulation of chromatin accessibility. These data indicate that the ectopic expression of a accessibility of the J1 RSS to RAG1 and RAG2. transcriptional regulator, either E2A or EBF, and the V(D)J recombinase is sufficient to generate a diverse Ig Activation of Ig VJ Rearrangement in Embryonic repertoire in nonlymphoid cells.
Kidney Cells by the E2A Proteins
The observation that E2A proteins have the ability to promote access of the recombinase to RSSs raised the Results possibility that BOSC 23 cells, ectopically expressing E2A and RAG1 and RAG2, harbor VJ rearrangements.
E2A Promotes RAG1-and RAG2-Mediated Cleavage of Recombination Signal Sequences Localized
To examine this possibility, DNA was isolated from the transfectants and analyzed by PCR for the presence of to J Segments within the Ig Locus The E2A proteins were originally identified as binding VJ joints. The human Ig locus consists of 76 V segments and 5 J segments (for review, see Schä ble and Zachau, to E box sites present in the Ig chain enhancer (Murre et al., 1989) . Since the Ig intronic enhancer is required 1993). The V segments are divided into two homologous clusters, one harboring 40 V regions and being most for VJ rearrangement, we initiated our studies using this locus (Xu et al., 1996) . To determine whether E2A proproximal to the J segments and the other containing 36 V segments organized in an inverted orientation located teins have the ability to allow accessibility of the recombinase to RSSs present in the Ig locus, a gene transfer 800 kb from the proximal cluster. The V regions can be divided into seven families, the largest of which is the approach was employed. BOSC 23 cells, a derivative of 293T, a human embryonic kidney cell line, were used V1 family. To test for V1J rearrangements, a forward V1 primer, with specificity for the leader region of the V1 as the recipient (Pear et al., 1993). This cell line can be transfected with very high efficiency, harbors the Ig loci family, and a degenerate reverse J primer, which recognizes all but the most distal of the J segments, were in germline configuration, and expresses extremely low levels of E12 and E47 (data not shown). These properties used (Feeney et al., 1997 ). The primers were tested on (D) Histogram of relative levels of V1 rearrangements from various transfections. The levels from at least five experiments were quantified by gel analysis with a Phosphor Imager. Within each experiment, levels of rearrangements were normalized to that seen with RAG1 and RAG2 alone (which was set to 1). (E) DNA was isolated from transfected cells that had been cotransfected with the pJH200 plasmid. PCR was performed with the DR1 and NEB#1233 primers to amplify across the recombination signal sequences. PCR product from unrearranged plasmid is expected to be 457 bp, and the rearranged plasmid should show an amplified band of 268 bp. The schematic next to the gel illustrates the RSSs (triangles) and the primers (arrows). genomic DNA isolated from human cord blood and effiTo obtain an estimate of the frequency of rearrangement in the transfected cells, the hybridization ciently amplified a target over a 20-fold dilution range ( Figure 1C, lanes 10-13) Figure 1C, lanes 1, 2, 4 and 6 ). V1J rearrangements were detectable upon expression hybridization signal of genomic DNA (100 ng) derived from the transfected cells to that of cord blood (2.5-50 of RAG proteins by themselves ( Figure 1C , lanes 3 and 3Ј, and data not shown). Strikingly, BOSC 23 cells exng), we estimate that 1%-2% of BOSC 23 cells harbor V1J joints upon expression of E2A, RAG1, and RAG2 pressing RAG1 and RAG2 in the presence of either E12 or E47 showed relatively high levels of V1J re-( Figure 1C ). In comparison, we estimate that approximately 0.05%-0.10% of BOSC 23 cells expressing RAG1 arrangements ( Figure 1C , lanes 5 and 7). The fast migrating fragment is the result of amplification from the J and RAG2 alone contain Ig VJ rearrangements. We also examined the ability of EBF to promote Ig recombisegment that has undergone rearrangement (e.g., J1) ( Figure 1C ). Because the J consensus primer will amnation. EBF, unlike E2A, did not significantly enhance the ability of RAG1 and RAG2 to promote V1J replify four of the five J regions, the slower migrating fragment is the result of amplification from the J segarrangement ( Figure 1C , lane 9). To ensure that RAG1 and RAG2 were equally active ment immediately 3Ј to the J that has undergone rearrangement. In the presence of E12 or E47, the level in the absence or presence of the E2A proteins, the plasmid substrate pJH200 was cotransfected. pJH200 of VJ joints is increased by 20-to 25-fold as compared to RAG expression alone ( Figure 1D ). A separate PCR contains two RSSs separated by a linker, which, upon rearrangement, will form a signal joint and remove apreaction, performed to amplify the CD14 locus, showed that the DNA content was similar in each of the samples proximately 190 bp. Rearrangements within pJH200 were analyzed by PCR using the appropriate primers (data not shown). 
A number of sites have been identified in the regulatory seen in those cells that were transfected with RAG1 and RAG2 alone (data not shown). Over 65 recombinant regions of the Ig enhancers that bind distinct classes of transcriptional regulators. Among the best character-
clones were sequenced, and 45 of these were found to be unique (Table 1) . Many distinct V1 segments, ized of these are E2A, EBF, Pax5, PU.1, Oct-2, and NF-B. To determine whether E2A or EBF have the ability interspersed throughout the proximal V locus, formed to activate each other as well as induce the expression of V1J joints in the presence of E2A (Table 1 and amplify rearrangements from at least one other V segAlthough these observations indicate that the expresment (Table 1 and (Table 1) . We note that, overall, there was signifipression in BOSC 23 cells, the regulation of RAG procantly less diversity among the coding joints isolated teins might be perturbed allowing inappropriate access from the Ig and IgH loci, suggesting a lower frequency to the recombination locus. For example, it is conceivof rearrangements as compared to that of the Ig locus able that during the cell cycle, for example during DNA (our unpublished data).
replication, RSSs become accessible to the high levels of RAG proteins that are transiently expressed in the transfectants.
Discussion
The (Roman et al., 1997) . All of the transcription 1.5% agarose gel and analyzed by Southern blotting as described factors and deletion constructs are cloned into the pH␤APneo vecabove. tor, which has been previously described (Kee and Murre, 1998). Calcium phosphate precipitation transfections were performed es
